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Nurmi-type cultures (NTCs), derived from the fermentation of caecal contents of specifically pathogen-free (SPF) birds,
have been used successfully to control salmonella colonisation in chicks. These cultures are undefined in nature and,
consequently, it is difficult to obtain approval from regulatory agencies for their use as direct fed microbials (DFMs) for poultry.
Progress towards the generation of effective defined probiotics requires further knowledge of the composition of these cultures.
As such, species-specific, culture-independent quantification methodologies need to be developed to elucidate the concentration
of specific bacterial constituents of NTCs. Quantification of specific bacterial species in such ill-defined complex cultures using
conventional culturing methods is inaccurate due to low levels of sensitivity and reproducibility, in addition to slow turnaround
times. Furthermore, these methods lack selectivity due to the nature of the accompanying microflora.
This study describes the development of a rapid, sensitive, reliable, reproducible, and species-specific culture-independent,
solution phase hybridisation PCR-ELISA procedure for the detection and quantification of Enterococcus faecalis and
Pediococcus pentosaceus in NTCs. In this technique, biotin-labelled primers were designed to amplify a species-specific
fragment of a marker gene of known copy number, in both species. Resulting amplicons were hybridised with a dinitrophenol
(DNP)-labelled oligonucleotide probe in solution and were subsequently captured on a streptavidin-coated microtitre plate. The
degree of binding was determined by the addition of IgG (anti-DNP)–horseradish peroxidase conjugate, which was
subsequently visualised using a chromogenic substrate, tetramethylbenzidine. This novel quantitative method was capable of
detecting E. faecalis and P. pentosaceus at levels as low as 5 CFU per PCR reaction.
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Nurmi-type cultures (NTCs), derived from the
fermentation of the mature caecal contents of specif-
ically pathogen-free birds, have been successfully
used to control salmonella colonisation in poultry
(Bolder et al., 1992; Maciorowski et al., 1997; Stern et
al., 2001). Caecal contents, from which these cultures
are derived, are undefined (Salanitro et al., 1974; Zhu
et al., 2002). As such, it is difficult to obtain approval
from regulatory agencies to use these preparations as
direct fed microbials (DFMs) for poultry. In an
attempt to generate defined probiotics, several
research groups have identified bacterial strains
present in undefined gut microbiota and have used
them singly or in mixtures to protect chicks against
salmonella colonisation (Soerjadi et al., 1978; Wei-
nack et al., 1985; Wierup et al., 1988; Stravic et al.,
1991; Stravic, 1992). However, no defined product as
effective as undefined gut microflora is available
(Mead, 2000). A logical strategy is to generate defined
probiotics, which are based on the relative concen-
trations in which constituent bacteria are present in
effective NTCs. As a result, techniques are required to
efficiently quantify specific bacterial species in these
cultures.
Enterococcus faecalis is a key species in the
development of certain fermented foods around the
world (Hagrass et al., 1991; Franz et al., 1999;
Elotmani et al., 2002), as well as playing important
biological functions in the animal gut (Klein, 2003).
The application of E. faecalis as a competitive
exclusion agent and probiotic has been well reviewed
in the literature (Pereira and Gibson, 2002; DeVuyst et
al., 2003; Hufnagel et al., 2003). Specifically, E.
faecalis has been documented to exhibit probiotic
effects in the protection of chicks against Salmonalla
typhimurium colonisation (Soerjadi et al., 1978) and
also has the ability to protect epithelial cells against S.
typhimurium invasion in vitro (Wagner et al., 2002).
The potential of Pediococcus pentosaceus as a pro-
biotic has also been well recognised (Mishra and
Lambert, 1996; Gardiner et al., 2004; Lei and
Jakobsen, 2004).
The quantification of specific bacterial species,
especially those with certain physiological functions,
in complex intestinal microbial populations has
mainly been performed until now by culture-depend-ent techniques such as CFU determination on selec-
tive media (Tannock, 1999; Niamsup et al., 2003).
Limitations associated with conventional culturing
methods include low sensitivities (Dutta et al., 2001),
inability to detect unculturable bacteria and unknown
species, slow turnabout time, and poor reproducibility
(Huijsdens et al., 2002). In addition, as large differ-
ences have been noted in the growth rates and growth
requirements of different species, quantification by
culture is highly likely to be inaccurate (Huijsdens et
al., 2002). Furthermore, because of the ill-defined
nature of the accompanying microbiota in NTCs,
enumeration of specific species in such populations
often proves problematic (O’Sullivan, 2000).
To overcome the problems associated with culture-
based methodologies, culture-independent PCR has
been applied to the quantification of specific genes as
markers for bacterial presence (Bach et al., 2002). In a
recent study, products generated from the amplifica-
tion of a specific marker gene from bacterial cells
could be visualised using ethidium bromide staining at
levels of 50 CFU per PCR reaction (Daly et al., 2002).
However, an increased level of detection was
achieved by hybridisation of the PCR product with a
species-specific labelled probe. Microwell ELISA-like
hybridisation methods have therefore been developed
(Nagata et al., 1985; van der Vliet et al., 1993;
Gutierrez et al., 1998) and form the basis of
convenient detection and quantification systems. In a
solid phase PCR-ELISA methodology, Escherichia
coli was detected in milk at levels as low as 5 CFU
per PCR reaction (Daly et al., 2002). This technique
involved the capture of 5V biotin-labelled amplicons
on streptavidin-coated microtitre plates followed by
the subsequent addition of a dinitrophenol (DNP)-
labelled oligonucleotide probe to the plate where solid
phase hybridisation occurred to detect the bound
amplicons.
This study describes the development of a novel
solution phase hybridisation PCR-ELISA system and
its application in the detection and quantification of E.
faecalis and P. pentosaceus species in two NTCs. The
modification of PCR-ELISA to a solution phase
hybridization method removed the necessity for
separate amplicon attachment and DNP-labeled oli-
gonucleotide probe binding steps as required in the
solid phase approach, thus decreasing the turnabout
time of the assay. A crucial requirement for this
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confirmation of the species specificity and copy
number of the targeted marker genes in both species.2. Materials and methods
2.1. Nurmi-type cultures and bacterial reference
strains
A lyophilised sample of a commercial NTC was
supplied by Alltech, Inc. (Nicholasville, Kentucky,
USA). Caecal contents (1 mL), obtained from
pathogen-free adult birds, were cultured anaerobically
at 37 8C for 3 days in 100 mL anaerobic Viande
Levure (VL) (Barnes and Impey, 1971) broth, pH 6.7,
with no agitation. An aliquot (400 AL) of this culture
was used to inoculate fresh anaerobic VL broth (400
mL) and was incubated at 37 8C, with no agitation for
a further 4 days. Cells were collected by centrifuga-
tion at 6000 rpm for 10 min using a MSE Mistral
1000 centrifuge (Shaw Scientific Ltd., Dublin, Ire-
land). Maltodextrin was added to generate a final
concentration of 10% (wt/wt) in caecal contents, and
the pellet was frozen and lyophilised.
Previous culture-based studies identified accompa-
nying Enterococcus species present in NTCs as
Enterococcus faecium and Enterococcus avium. In
the case of Pediococcus spp., Pediococcus acidilactici
was the only additional Pediococcus sp. isolated from
the NTC cultures (data not shown). Consequently,
these species were selected as negative controls in
species-specific PCR studies. As such, the pure strains,
E. faecalis 775, E. avium 702691, E. faecium 700502,
P. pentosaceus 7837, and P. acidilactici 6990,
obtained from NCIMB (National Collection of Indus-
trial Food and Marine Bacteria, Aberdeen, Scotland,
UK), were cultured according to the manufacturers’Table 1
Primers and probes for solution phase hybridisation PCR-ELISA
Primer/probe designation Sequence
5V Enterof F 5V Biotin-G
3V Enterof R 5V-ACATC
5V Pediop F 5V Biotin-G
3V Pediop R 5V-CACCC
DNP-EF 5V(DNP)3-
DNP-PP 5V(DNP)3-instructions. E. faecalis 775 and P. pentosaceus 7837,
respectively, were employed as positive controls,
while the remainder of strains were utilised as negative
controls in species-specific PCR reactions.
2.2. Species-specific amplification of marker gene
fragments
A number of methods of DNA preparation from
NTCs and pure reference strains were assessed for
optimal DNA recovery. The extraction of DNA using
the Bacterial Genomic DNA Extraction kit (Sigma-
Aldrich, St. Louis, Missouri, USA), according to the
manufacturer’s instructions, proved most effective at
extracting the highest quality and quantity of DNA.
Therefore, in this study, DNA was prepared from
NTCs and pure strains using this technique. Biotiny-
lated oligonucleotide primers (Sigma-Genosys, Cam-
bridge, UK), 5VEnterof F and 3VEnterof R (Table 1),
were designed to amplify a 293 bp (position 64–356)
region of the E. faecalis surface protein precursor
gene (Genbank accession number AF034779). Bio-
tinylated primers (Table 1), designated 5VPediop F and
3VPediop R, were also designed to amplify a 321 bp
(position 25–345) fragment of the P. pentosaceus
glutamate racemase gene (Genbank accession number
L22448). Sequence analysis using the Basic Local
Alignment Search Tool (BLAST), online at the
National Centre for Biotechnology Information
(NCBI) homepage (http://www.ncbi.nlm.nih.gov),
confirmed the species specificity of these primers
(data not shown). In addition, bioinformatic analysis
ensured that the closest mismatches for the Enterof
and the Pediop primers could not possibly be
constituents of the NTCs (data not shown).
PCR reactions (100 AL) contained 1 Ag of genomic
DNA, 10 (NH4)2SO4 reaction buffer, MgCl2 (3
mM), primers (500 ng each), and deoxynucleotideAAGGGAGCAAATTTAGTTTGTTTGGAAAAAACAATAAG-3V
ACCAGTTATTGCTTTAGGG-3V
ATGTATGTATAATTTTATTTAGTG-3V
CAATTACTGGGATGGGTAATTCAGCTTG-3V
CCCATTTGTGCATTAACTATTCCAGTTGCC-3V
ACGAGGACCATACGGCATTCTTGCTTCATC-3
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polymerase (2U) (Biolinek, London, UK) was added
following the initial denaturation step. Each PCR
reaction consisted of 94 8C for 2 min and 40 cycles of
93 8C for 30 s, 64 8C for 30 s, 72 8C for 30 s, followed
by 10 min at 72 8C. Analysis of amplified PCR
products was carried out on a 1% (wt/vol) agarose gel
using 1 Tris acetate EDTA (TAE) running buffer,
pH 8.3. To confirm the identity of amplified fragments
and species specificity of the primers, PCR products
generated from both NTCs and pure reference strains
were subcloned into a plasmid shuttle vector (pCR
2.1k) (Invitrogen, Carlsbad, California, USA) and E.
coli strain INVaFV competent cells (Invitrogen,
Carlsbad, California, USA) were transformed.
Sequencing of insert DNA was carried out by Oswel
(Southampton, UK), using M13 forward and reverse
sequencing primers. Analysis of sequence data and
homology comparisons was performed using BLAST,
online at the NCBI homepage (http://www.ncbi.nlm.
nih.gov).
2.3. Determination of marker gene copy number
Confirmation of copy number was achieved by
Southern blot hybridisation analysis using a previ-
ously described method (Kim et al., 1999; Vassileva
et al., 2001). To assess the copy number of the marker
genes targeted in respective E. faecalis or P.
pentosaceus, standard curves of known marker gene
copy number were generated. Marker gene fragments
were subcloned into a plasmid vector (pCR 2.1k)
(Invitrogen, Carlsbad, California, USA) and the
shuttle construct then contained one copy of the gene
fragment. Plasmid constructs were linearised using
the restriction enzyme BamHI, for which no restric-
tion site exists in the E. faecalis or P. pentosaceus
marker genes. E. faecalis and P. pentosaceus
genomic DNA were subjected to a double restriction
enzyme digestion. BstEII and BamHI were employed
in the case of E. faecalis genomic DNA, and EcoRI
and BamHI for P. pentosaceus. Various quantities of
digested genomic DNA (ranging from 0.01 Ag to 10
Ag) and dilutions of linearised plasmid shuttle vector
construct (1011, 1010, and 109 copies of the E.
faecalis or P. pentosaceus marker gene fragments,
respectively) were electrophoresed on a 1% (wt/vol)
agarose gel for 20 h at 4 8C. Capillary blotting onto anitrocellulose membrane (Millipore, Bedford, Massa-
chusetts, USA) was carried out as outlined by the
manufacturer. E. faecalis and P. pentosaceus marker
gene fragments were used as template DNA in the
production of biotin-labelled Southern hybridisation
probes using the Random Primer DNA Biotinylation
kit (Pall Gelman Laboratories, Ann Arbor, Michigan,
USA). Hybridisation and detection of marker gene
fragments were performed using the DNA Hybrid-
isation and Detection kit (Pall Gelman Laboratories,
Ann Arbor, Michigan, USA). Exposure to X-ray film
produced a permanent record of chemiluminescent
emissions. Analysis of signal intensities of bands on
the Southern hybridisation blot was performed using
the Bio ID Gel Documentation and Densitometry
system (Vilber Lourmat, Cedex, France). Signal
intensities obtained from genomic DNA were sub-
sequently related to those generated from standards of
known gene copy number.
2.4. Solution phase hybridisation PCR-ELISA
KF Streptococcus and Raka ray number 3 broths
were used to culture E. faecalis and P. pentosaceus,
respectively. Serial dilutions of overnight cultures of
E. faecalis and P. pentosaceus in their respective
sterile culture media were carried out. An aliquot (100
AL) of each dilution of both species was plated, in
triplicate, on KF Streptococcus agar for E. faecalis
and on Raka-ray no. 3 agar for P. pentosaceus. KF
Streptococcus agar plates were incubated at 37 8C for
2 days, while Raka-ray no. 3 plates were incubated at
30 8C for 3 days. Blank culture media was employed
as a negative control. Colony counting was performed
using an Eagle-Eye II gel documentation system
(Stratagene, La Jolla, CA, USA). These same over-
night cultures of E. faecalis and P. pentosaceus
cultures were diluted to generate standards containing
0–5000 CFU, for each species.
DNA, extracted from dilutions of E. faecalis and P.
pentosaceus, was subjected to PCR amplification.
Subsequent amplicons were used to produce standard
curves for the solution phase hybridisation PCR-
ELISA systems. As such, biotinylated PCR products
were generated from P. pentosaceus and E. faecalis
CFU standards (0–5000 CFU), along with dilutions
(10 Ag mL1, 100 Ag mL1, 1 mg mL1, 10 mg
mL1, and 100 mg mL1) of NTCs. All PCR-
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(wt/vol) agarose gel together with the respective E.
faecalis or P. pentosaceus PCR-generated standards.
This was performed to estimate the approximate
concentration of NTC, which yielded amplicons
within the concentration range of the PCR-ELISA
standard curve.
ELISA was carried out on PCR products as
described by Daly et al. (2002) with the modifica-
tions outlined below. It will be recalled that modi-
fication of PCR-ELISA technique to a solution
phase hybridization method removed the necessity
for the separate PCR product attachment and DNP-
labelled oligonucleotide probe binding steps as
required in the solid phase approach. E. faecalis
and P. pentosaceus-specific (DNP)3-labelled oligo-
nucleotide probes [DNP-EF for the detection of E.
faecalis and DNP-PP for P. pentosaceus (Table 1),
designed and confirmed to be species-specific using
BLAST analysis, online at the NCBI homepage
(http://www.ncbi.nlm.nih.gov)], were diluted in 6
SSC 0.1% (wt/vol) sodium dodecyl sulphate (SDS)
to yield a final concentration of 10 Ag mL1
(DNP)3-labelled oligonucleotide probe.
Probes were heat-denatured at 95 8C for 10 min
and placed directly on ice. An aliquot (10 AL) of the
(DNP)3-labelled oligonucleotide probe was added to
the denatured biotinylated PCR products. Tubes were
mixed by vortexing and the biotinylated PCR
products and (DNP)3-labelled oligonucleotide probe
were allowed to hybridise for 1 h at 37 8C. Following
hybridisation, the contents of the tubes were added to
the streptavidin-coated microtitre plate. To generate a
standard curve for E. faecalis/P. pentosaceus quanti-
fication, CFU values were subjected to a log trans-
formation and A450/630 nm values were plotted against
the log transformation of CFU values.
2.5. Examination of linearity of dilution and reprodu-
cibility of the PCR-ELISA systems
To examine the linearity of dilution of the assays,
further dilutions (1:2, 1:5, 1:10, and 1:100) of 10 mg
mL1 commercial NTC and cultured caecal contents
were performed in 0.1% (wt/vol) peptone water.
Samples of these dilutions were subjected to DNA
extraction and subsequent PCR amplification. ELISA
was performed on all amplicons. In addition, thereproducibility of the assay was assessed by measur-
ing the concentration of E. faecalis in the same
cultured caecal contents sample, using the entire
solution phase PCR-ELISA procedure, on three
separate occasions.3. Results
3.1. Species-specific amplification of marker gene
fragments
PCR products of approximately 300 bp were
amplified from the commercial NTC, cultured caecal
contents and the positive control strains using the
Enterof and Pediop primers (Fig. 1(a) and (b)),
respectively. No amplification was evident from the
negative controls for both species (i.e., E. faecium and
E. avium for Enterof primers and P. acidilactici for
Pediop primers). The species specificity of the Enterof
and Pediop primers was further confirmed by
sequence analysis of the amplified products from
both the NTCs and the positive control strains. Re-
sults showed that amplicons exhibited 100% se-
quence homology (293/293) to the E. faecalis genome
(Genbank accession numbers AF034779, AY032999,
AF454824, and AF329367) and the P. pentosaceus
glutamate racemase gene (321/321) (Genbank acces-
sion numbers L22448 and L22789), respectively (data
not shown). Bioinformatic analysis also confirmed
that the homology mismatches for these amplicons, if
any, could not possibly be constituents of the NTCs
(data not shown). Indeed, these data also confirm the
efficiency of the primers’ ability to specifically
amplify regions of the E. faecalis or P. pentosacues
genomes from complex NTC cultures.
3.2. Determination of copy number of marker genes
Various quantities of digested genomic DNA
(ranging from 0.01 Ag to 10 Ag) and dilutions of
linearised plasmid shuttle vector construct (1011, 1010,
and 109 copies of the E. faecalis or P. pentosaceus
marker gene fragments, respectively) were subjected
to Southern blot hybridisation analysis. A single band
of 8 kb was detected only in the lanes containing 10
Ag and 5 Ag of E. faecalis genomic DNA, previously
digested with BstEII and BamHI (Fig. 2(a), lanes 1
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Fig. 1. (a) Enterococcus faecalis-specific PCR. Lane 1: 100 bp
marker; lane 2: commercial NTC; lane 3: cultured caecal contents;
lane 4: E. faecalis isolated from commercial NTC; lane 5: E.
faecalis isolated from cultured caecal content; lane 6: E. faecalis
775; lane 7: E. faecium 700502; lane 8: E. avium 702691. (b)
Pediococcus pentosaceus-specific PCR. Lane 1: 100 bp marker;
lane 2: commercial NTC; lane 3: cultured caecal content; lane 4: P.
pentosaceus isolated from NTC; lane 5: P. pentosaceus isolated
from cultured caecal content; lane 6: P. pentosaceus 7837; lane 7: P.
acidilactici 6990. NTC: Nurmi-type culture.
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lesser quantities of DNA. By similar analysis of the
plasmid DNA standards, a detectable signal was
observed in lanes containing 1011, 1010, and 109
copies of the E. faecalis surface protein precursor
gene fragment (Fig. 2(a), lanes 11, 12, and 13). Lanes
containing 10 Ag and 5 Ag of restricted P. pentosaceus
genomic DNA exhibited a single band of 1 kb (Fig.
2(b), lanes 1 and 2); however, no band was detected in
the lanes containing lesser quantities of genomic
DNA. As with E. faecalis, Southern hybridisation
analysis of the plasmid DNA standards yielded a
signal in lanes containing 1011, 1010, and 109 copies
of the P. pentosaceus glutamate racemase gene
fragment (Fig. 2(b), lanes 7, 8, and 9). Densitometrywas used to relate the signal intensities of the plasmid
DNA standards to those obtained from E. faecalis and
P. pentosaceus genomic DNA. Standard curves were
constructed by plotting the signal intensities of the
bands generated from the plasmid DNA standards
against the log transformation of copy number. Using
the signal intensity values obtained for 10 Ag and 5 Ag
of E. faecalis and P. pentosaceus genomic DNA and
the equation of the standard curves, it was confirmed
that both the E. faecalis surface protein precursor gene
and the P. pentosaceus glutamate racemase gene were
indeed single copy.
3.3. Solution phase hybridisation PCR-ELISA
analysis
Elucidation of the copy number of marker genes in
E. faecalis and P. pentosaceus facilitated the develop-
ment of a solution phase hybridisation PCR-ELISA
for the detection and quantification of these species in
undefined NTCs. Examination of E. faecalis- and P.
pentosaceus-specific amplicons produced by the
commercial NTC and cultured caecal contents indi-
cated that P. pentosaceus was harboured at lower
concentrations than E. faecalis in both these cultures.
Indeed, visual inspection of the ethidium bromide-
stained agarose gels indicated that the limit of reliable
detection of E. faecalis or P. pentosaceus was
approximately 5102 CFU per PCR reaction. More-
over, optimisation of sample dilution of NTCs
determined that 10 mg mL1 NTC samples (100 Ag
equivalent per PCR reaction) yielded PCR amplicons
falling within the range for the E. faecalis and P.
pentosaceus standards (data not shown).
Amplified biotinylated PCR products were further
analysed by ELISA to improve the detection limit of
amplicons. For pure strain standards, CFU values
were subjected to a log transformation and A450/630 nm
values were plotted against the log transformation of
CFU values to produce standard curves for E. faecalis
and P. pentosaceus, respectively (Fig. 3(a) and (b)). It
was established that solution phase hybridisation
PCR-ELISA was extremely sensitive, detecting bac-
teria at levels as low as 5 CFU per PCR reaction. The
standard curves were subsequently used to quantify
the levels of E. faecalis and P. pentosaceus, respec-
tively, in the commercial NTC and cultured caecal
contents. E. faecalis- and P. pentosaceus-specific
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Fig. 2. (a) Southern blot hybridisation analysis of the E. faecalis surface protein precursor gene fragment. Lane 1: 10 Ag; lane 2: 5 Ag; lane 3: 1
Ag; lane 4: 0.5 Ag; lane 5: 0.1 Ag; lane 6: 0.05 Ag; lane 7: 0.01 Ag of E. faecalis genomic DNA; lane 11: 1011 copies of the E. faecalis surface
protein precursor gene fragment (marker gene); lane 12: 1010 copies of the marker gene; lane 13: 109 copies of the marker gene. (b). Southern
blot hybridisation analysis of the P. pentosaceus glutamate racemase gene fragment. Lane 1: 10 Ag; lane 2: 5 Ag; lane 3: 1 Ag; lane 4: 0.5 Ag;
lane 5: 0.1 Ag; lane 6: 0.05 Ag of P. pentosaceus genomic DNA; lane 7: 1011 copies of the P. pentosaceus glutamate racemase gene fragment
(marker gene); lane 8: 1010 copies of the marker gene; lane 9: 109 copies of the marker gene.
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cultured caecal contents was carried out in triplicate
and results were expressed as the meanFS.E.M.
(Table 2).
3.4. Examination of linearity of dilution and reprodu-
cibility of the PCR-ELISA systems
The linearity of dilution of the assay was examined
by performing further dilutions of NTCs. Resultant
dilutions were subjected to DNA extraction and PCR.
Solution phase hybridisation PCR-ELISA was sub-
sequently performed on these amplicons. At concen-
trations as low as 100 Ag mL1 (1/100 dilution of 10
mg mL1) commercial NTC and cultured caecal
contents, E. faecalis and P. pentosaceus were detected
in these cultures. When these values were compared
to those obtained for 10 mg mL1 commercial NTC
and cultured caecal contents (Fig. 4(a) and (b)), the
results concur. Results obtained were therefore shown
to be independent of the dilution at which the sample
was assayed, once the dilution factor was taken into
account. Furthermore, the reproducibility of the assaywas assessed. When E. faecalis was measured in the
same cultured caecal contents sample, employing the
entire solution phase PCR-ELISA procedure, on three
separate occasions, results were as follows: 1.4F
0.0056108, 1.3F0.01108, and 1.3F0.013108
CFU g1. These findings confirm that solution phase
hybridisation PCR-ELISA is a reproducible and
sensitive method of quantifying specific bacteria in
mixed cultures.4. Discussion
A novel, rapid, sensitive, and reproducible PCR-
ELISA system has been developed for the specific
detection and quantification of E. faecalis and P.
pentosaceus in NTCs. This is the first report of a
solution phase hybridisation PCR-ELISA technique
that employs the use of biotin-labelled primers and
DNP-labelled oligonucleotide probes. The method-
ology is culture-independent and extremely sensitive,
detecting bacteria present at levels as low as 5 CFU
per PCR reaction. Historically, the quantification of
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Fig. 3. (a) Standard curve for E. faecalis quantitation. (b) Standard curve for P. pentosaceus quantitation.
S.M. Waters et al. / Journal of Microbiological Methods xx (2005) xxx–xxx8microorganisms in complex samples, such as NTCs,
has generally been performed by culture-dependent
techniques. While KF Streptococcus and Raka ray
number 3 agars, for example, are commonly used
growth media for enterococci and pediococci, respec-
tively, there are no reports in the literature of selective
agars that enumerate E. faecalis or P. pentosaceus in
complex mixed cultures.
To facilitate the development of the PCR-ELISA
technique, it was initially necessary to determine the
species-specificity and the copy number of the genes
targeted in this study. PCR of genomic DNA from
positive and negative control strains and subsequent
sequence analysis of the amplified products indicated
the species-specificity of the primers designed in this
study (Fig. 1(a) and (b)). Southern hybridisation
analysis of both E. faecalis and P. pentosaceusgenomes (Fig. 2(a) and (b)), using probes homologous
to the putative single copy genes (E. faecalis surface
protein precursor gene and the P. pentosaceus
glutamate racemase gene), confirmed that these were
indeed present as single copy genes in the respective
bacteria. No previous report exists in the literature of
these genes being encoded by a single copy and this
result allowed the development of a solution phase
hybridisation PCR-ELISA assay for the quantification
of E. faecalis and P. pentosaceus in NTCs. Indeed,
using this information, a direct correlation between
copy number detected and CFU could be made.
Although a number of gel staining methods are
available (e.g., SYBR green, ethidium bromide, and
silver staining), ethidium bromide is still the stain
most commonly used for agarose gels. Employing
agarose gel electrophoresis and ethidium bromide
ARTICLE IN PRESS
Table 2
Solution phase hybridisation PCR-ELISA quantitation of E. faecalis and P. pentosaceus
Species Culture type A450/630 nm Log CFU per 100 Ag CFU g1
E. faecalis CNTC 2.25F0.02 3.80 6.3107
E. faecalis CCC 2.47F0.01 4.16 1.4108
P. pentosaceus CNTC 1.10F0.02 1.93 8.5105
P. pentosaceus CCC 1.48F0.03 2.55 3.5106
Absorbance values are expressed as a mean of PCR-ELISA analysis of three replicates of the same culture sample FS.E.M. CFU, colony-
forming units; CNTC, commercial Nurmi-type culture; CCC, cultured caecal contents.
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or P. pentosaceus within a sample was approximately
5102 CFU per PCR reaction. However, the lack of
sensitivity, the subjectivity of band identification, and
the use of the carcinogenic DNA binding agent,
ethidium bromide, are some of the problems associ-
ated with agarose gel electrophoresis. Utilising the
novel solution phase hybridisation PCR-ELISA sys-
tem, E. faecalis and P. pentosaceus were detected atLinearity of Dilution - En
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than 10 CFU per PCR reaction (Garrec et al., 2003).
Once developed, it was essential to demonstrate
both the linearity of dilution and the reproducibility of
the novel solution phase hybridisation PCR-ELISA
system. Quantitation was shown to be independent of
the dilution at which the sample was assayed, once the
dilution factor was taken into consideration (Fig. 4(a)
and (b)). To further confirm the reproducibility of the
methodology, a sample of NTC was assayed a number
of times and was found to generate the same result.
The main disadvantage associated with culturing as
a quantitation method is the turnabout time that may
extend to many days in certain cases. The use of
solution phase hybridisation PCR-ELISA, however,
can circumvent this problem. The PCR is completed
in 2 h and the subsequent ELISA step only takes
approximately 2 h and 30 min, a low turnaround time
compared to several days with culturing.
A popular alternative technique employed in the
quantification of bacteria in complex environments is
real-time PCR technology. The solution phase hybrid-
isation PCR-ELISA generated results, which are
comparable to those obtained from real-time PCR
analyses for other microorganisms, with regard to
sensitivity. In a study carried out on the quantification
of Campylobacter lanienae in bovine feces by real-
time PCR, the limit of reliable quantification was one
to eight genomes (Inglis and Kalischuk, 2004). The
use of real-time PCR as a tool to study the gastro-
intestinal microbiota that adheres to the colonic
mucosa was also evaluated (Huijsdens et al., 2002).
The assay, employing probes and primers targeting the
16S rRNA gene, proved to be very sensitive as levels
as low as 1 CFU E. coli and 9 CFU Bacteroides
vulgatus could be detected. However, multicopy 16S
rRNA genes were targeted in this instance and, as a
result, the methodology is not absolutely quantitative.
Alternatively, the PCR-ELISA method is more
straightforward and does not require the use of
expensive equipment, as does real-time PCR. In
addition, automation of multiple sample analysis can
be easily performed on streptavidin-coated microtitre
plates whereas real-time PCR sample analysis is
sequential.
While it has been shown that pediococci and
enterococci inhabit the gut microbiota of poultry
(Kurzak et al., 1998; Niamsup et al., 2003; Jacksonet al., 2004), no data exist on the concentrations at
which E. faecalis and P. pentosaceus exist in NTCs.
Standard microbiological techniques were used to
enumerate the total enterococcal population in these
NTCs using KF Streptococcus agar. Results of
1.9107 CFU g1 and 1.2108 CFU g1 total
enterococci in the commercial NTC and cultured
caecal contents, respectively, were obtained using this
method (data not shown). Elsewhere, enterococci
were shown to exist in caecal contents of chicks at a
concentration of 1.32108 CFU g1 (Spring et al.,
2000). Another group, analyzing the development of
caecal microbiota in chickens during growth, noted
that on day 35, chicks contained an average of 107
CFU g1 enterococci (van der Wielen et al., 2000).
These findings correlate with our results from cultur-
ing studies. However, it was surprising to note that
using solution phase hybridisation PCR-ELISA to
quantify one constituent enterococcal species, E.
faecalis, in these cultures, slightly higher levels were
recorded (i.e., 6.3107 CFU g1 and 1.4108 CFU
g1, respectively) (Table 2). In addition, the concen-
trations of P. pentosaceus in the commercial NTC and
cultured caecal contents were determined as 8.5105
CFU g 1 and 3.5106 CFU g1, respectively (Table
2), using the PCR-ELISA method. Considering that
the total lactic acid bacterial concentration, deter-
mined using Raka ray number 3 agar, in these
preparations was 1.2106 CFU g1 and 1.2107
CFU g1 (data not shown), respectively, the counts
generated for P. pentosaceus alone using PCR-ELISA
also seem quite high in comparison.
It has been observed that a variety of agars contain
compounds that prove toxic to certain groups of
bacteria (Silvi et al., 1996; O’Sullivan, 2000). In
addition, there is a requirement that all bacterial cells
present in the culture produce morphologically
distinct colonies when cultured on solid media.
However, not all microbial cells are present in a
physiological state which is conducive to growth. In
contrast to the culture-dependent technique, solution
phase hybridisation PCR-ELISA is culture-independ-
ent and extremely sensitive, detecting bacteria present
at levels as low as 5 CFU per PCR reaction.
Additionally, in order to overcome the likely limi-
tation of DNA amplification from dead cells, it may
be possible in some instances to use reverse tran-
scriptase PCR in conjunction with solution phase
ARTICLE IN PRESS
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viable and non-viable cells.
The technology described in this study has
immense application in the area of defined probiotic
production. Once the composition of an effective NTC
is established using such techniques, defined pro-
biotics may be generated based on relative concen-
trations of constituents. Of note, however, is the
potential pathogenicity of enterococci, particularly E.
faecalis, and their ability to serve as hosts and/or
donors of transferable genes encoding antibiotic
resistance (Franz et al., 1999). As a result, it appears
that this species ideally should not be included as a
constituent species of a defined probiotic preparation.
However, it will be recalled that a gene of known copy
number (i.e., single copy) was identified in E. faecalis,
underscoring its suitability in the development of the
solution phase hybridisation PCR-ELISA system.
This methodology also has tremendous application
for monitoring alterations in the concentration of
specific species in gut microbiota with changes in age
and diet, and over time. It may be employed in the
area of food-borne pathogenesis where the rapid
identification of species, such as salmonella, in food
is of utmost importance. As PCR-ELISA will circum-
vent time limitations associated with conventional
culturing methods, it may also have an application in
the diagnosis of disease where the sensitivity and
speed at which this method may be performed are also
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